Human milk (HM) contains hundreds of proteins with very diverse functions that likely contribute to the short-and long-term beneficial effects of breastfeeding. These functions include serving as a source of amino acids, improving the bioavailability of micronutrients, including vitamins, minerals, and trace elements, providing immunologic defense, stimulating intestinal growth and maturation, shaping the microbiome, and enhancing learning and memory. Human milk proteins can be broadly classified into 3 categories: caseins, whey proteins, and mucins, which are present in the milk fat globule membrane. HM is whey predominant; however, the whey/casein ratio of HM changes from 90/10 in colostrum to 60/40 in mature HM. The whey proteins present in significant quantities in the whey fraction are α-lactalbumin, lactoferrin, IgA, osteopontin, and lysozyme. Additionally, bioactive peptides are formed during digestion of casein and whey, and glycans from glycoproteins are bifidogenic, adding further complexity to the functional properties of HM proteins. Recent advances in dairy technology have enabled isolation of bioactive milk proteins from bovine milk in sufficient quantities for clinical studies and, in some cases, addition to commercially available infant formula. Herein, the current evidence on HM protein composition and bioactivity of HM proteins is reviewed.
Introduction
Human milk (HM) provides nutrients in readily bioavailable forms that ensure optimal infant growth and development [1] . HM also contains a variety of bioactive proteins, lipids, and oligosaccharides that serve nonnutritional roles [2] .
Over the past 30 years, infant formula composition has evolved to more closely mimic that of HM [3] . However, despite these attempts, disparities in growth [4] , neurodevelopment [5] , microbiome composition [6] , immune function [7] , and infectious disease incidence [8] persist between breast-and formula-fed infants. It is thought that the bioactive components in HM are in part responsible for these developmental differences. Herein, HM proteins, which provide indispensable amino acids for growth as well as bioactive proteins and peptides that serve nonnutritional roles in the developing neonate, will be reviewed [9] .
Human Milk Protein Composition
The estimated 400 HM proteins [10, 11] are classified into 3 categories: caseins, whey proteins and mucins, the latter of which are present in the milk fat globule membrane (MFGM) [12] . Bovine milk is casein predominant, whereas HM is whey predominant. The HM whey/casein ratio changes over the course of lactation, declining from 90/10 in colostrum (days [d] 0-5) to 65/35 in transitional milk (d6-15), then 60/40 by 1 month postpartum and throughout the first year of lactation [12] . Bovine milk contains α-, β-, γ-, and κ-caseins, whereas HM contains β-and κ-casein, with lower concentrations of α-casein ( Fig. 1 ) whey/casein ratio in formula is similar to mature HM (60/40), but formula contains all bovine milk caseins ( Fig. 1 ) . The concentrations of total and β-and κ-casein slightly rise between early and transitional milk, before declining and remaining relatively stable in mature milk. In contrast, the concentration of α-casein is constant throughout lactation ( Table 1 ) [13] . The HM whey proteins present in highest concentration are α-lactalbumin, lactoferrin (LF), secretory IgA, osteopontin (OPN), and lysozyme ( Table 2 ) [9, 11, 14] . In general, concentrations of these proteins sharply decrease from colostrum to mature HM, with the exception of lysozyme, which remains relatively steady [9] . Proteomic analysis of HM whey identified 115 unique proteins, of which 35% were related to immune response [15] . Other key functions were cell communication (17% of proteins), metabolism/energy production (16%), and general transport (12%) [15] . Proteomic analysis of Data are expressed as means ± SD. Adapted from Haschke et al. [11] and Lönnerdal et al. [12] .
the MFGM identified 191 proteins, with functions enriched in metabolism/ energy production (21%), cell communication (19%), and general transport (16%), and to a lesser degree immune response (20%) compared to whey proteins [15, 16] . This paper identified many new MFGM proteins and provided insight into potential significance of MFGM for infant nutrition [16] . The predominant whey protein in bovine milk is β-lactoglobulin, which is not present in HM. Bovine milk also contains less α-lactalbumin, LF, and OPN than HM, with LF and OPN concentrations being 5 and 13% of HM concentrations, respectively [3, 17, 18] . Advances in dairy technology have enabled the isolation of bioactive milk proteins from bovine milk in sufficient quantities for clinical studies and, in some cases, addition to infant formulas [3, 19] .
Biological Activities of HM Proteins
HM proteins exert a range of functions including: serving as a source of amino acids; improving micronutrient bioavailability; stimulating intestinal growth and maturation; supporting immunologic defense; shaping the microbiome; and enhancing learning and memory ( Fig. 2 ) . Some HM proteins exert activities across several categories ( Table 3 ) . For example, LF has been implicated as a nutrient transporter, in host defense, and for promoting intestinal, cognitive, and immune functions [18, [20] [21] [22] ( Table 3 ) . Additionally, bioactive peptides are formed during digestion of casein and whey proteins [12] , and glycans released from HM glycoproteins by microbial glycosidases are bifidogenic [23] , adding further complexity to the functional properties of HM proteins. Due to their multifunctional roles, 3 bioactive proteins, LF, OPN, and MFGM, have been isolated from bovine milk and tested for bioactivity in preclinical studies and human clinical trials [18] . 
Bioactivities of Lactoferrin
LF is a nonheme iron binding protein that is one of the most widely studied HM proteins [20] . Randomized controlled clinical trials (RCTs) have supported antimicrobial and immunomodulatory activities of LF. For example, feeding 1.0 g/day of bovine LF for 9 months reduced Giardia lamblia colonization and increased growth of 12-to 36-month-old infants in Peru [24] . The addition of recombinant human LF (1.0 g/L) and lysozyme (0.2 g/L) to an oral rehydration solution reduced the duration of diarrhea in 5-to 35-monthold Peruvian infants hospitalized for diarrhea [25] . A Cochrane review concluded that "evidence of moderate to low quality suggests that oral LF prophylaxis with or without probiotics decreases late-onset sepsis and necrotizing enterocolitis stage II or greater in preterm infants without adverse effects" [26] . Thus, dietary LF has efficacy in both preventing and treating infectious diseases.
Orally administered LF exerts antibacterial and antiviral activities in the intestine through direct effects on pathogens and by affecting gastrointestinal and immune function [20, 21] . The latter functions are mediated by LF being taken up by cells via receptor-mediated pathways and affecting gene transcription [27] . In piglets, dietary bovine LF (1.0 or 3.6 g/L) increased intestinal cell proliferation, crypt depth, and β-catenin expression threefold [reviewed in 21 ] . Also, in piglets, dietary bovine LF modulated both systemic and intestinal immune development by stimulating a balanced T-helper-1/T-helper-2 cytokine response. Further, immune cells from piglets fed LF secreted more anti-inflammatory cytokines in an unstimulated state, while being primed for more a robust proinflammatory response when presented with a bacterial trigger ex vivo [reviewed in 21 ].
In terms of cognitive development, piglets fed bovine LF (0.6 g/L) from d3-d38 postpartum exhibited improved learning and memory in an 8-arm radial maze test compared with piglets fed an unsupplemented formula [22] . Moreover, ingested LF was associated with differential expression of 10 genes involved in the brain-derived neurotrophin factor (BDNF) signaling pathway in the hippocampus and upregulated the expression of polysialic acid, a marker of neuroplasticity, cell migration, and differentiation of progenitor cells, and the growth and targeting of axons, and increased phosphorylation of the cyclic adenosine monophosphate response element-binding protein, CREB, a downstream target of the BDNF signaling pathway, and an important protein in neurodevelopment and cognition [22] . Taken together, feeding LF at HM concentrations was bioactive with no reported adverse effects. LF is currently being supplemented to some commercial infant formulas; however, there are likely untapped potentials for LF to ad-dress some of the current immune, health, and cognitive differences between breast-and formula-fed infants; however, additional clinical trials are needed.
Bioactivities of Osteopontin
OPN is an acidic, glycosylated, and highly phosphorylated protein. It interacts with cell surface integrins and the CD44 receptor to influence biomineralization, tissue remodeling, and immune regulation [14, 18] . Feeding a formula with bovine OPN at the mean HM concentration to rhesus monkeys affected the expression of ∼ 2,000 intestinal genes and shifted the overall pattern of expression to be more similar to breastfed monkeys [28] . OPN influenced genes related to cell proliferation, migration, communication, and survival, and genes in pathways downstream from integrin and CD44 receptors [28] . In a recent RCT, formulas with either 65 or 130 mg bovine OPN/L was well tolerated and supported normal growth. However, infants consuming bovine OPN had a lower incidence of fever than standard formula and similar to breastfed controls [29] . Both OPNsupplemented infants had lower levels of TNF-α, higher levels of interleukin-2 and higher proportions of CD3+CD45+ T cells compared to the standard formula group [29, 30] . These studies indicate that oral OPN beneficially affects neonatal intestinal and immune development.
Bioactivities of MFGM
MFGM is the triple membrane system that encapsulates milk fat [31] . It contains cholesterol, glycerol-phospholipids, sphingolipids, and proteins, including mucin-1, butyrophilin, CD36, adipophilin, and lactadherin, which contribute to the antiviral and antibacterial activities of MGFM [31] . Indeed, an observational study of infants during the first 6 months of life found that rotavirus infection was negatively associated with the amount of HM lactadherin consumed, while intake of mucin and secretory IgA with milk was unrelated [32] . A recent RCT tested the safety and efficacy of MFGM in term infants randomized before the age of 2 months to a formula supplemented with a protein-rich MFGM preparation (4% of total protein) or a standard formula [reviewed in 31 ]. Formulas were fed until 6 months of age, the infants were followed until 12 months, and they were compared with a breastfed reference group. MFGM reduced diarrhea, otitis media, fever, and pyretic use [reviewed in 31 ]. Interestingly, Moraxella catarrhalis, a microbe commonly found in the middle ear in otitis media, was less abundant in the saliva of infants fed formula with MFGM, providing a potential mechanism of action [32] . In addition, the MFGM-supplemented group (105.8 ± 9.2) had significantly higher mean (± SD) scores in the cognitive domain of the Bayley Scales of Infant and Toddler Development compared to the standard formula group (101.8 ± 8.0) [reviewed in 31 ] . Notably, the MFGMsupplemented formula-fed infants achieved cognitive scores not different than the breastfed infants (106.4 ± 9.5). Taken together, these studies establish the multifunctional actions of a single ingredient (OPN) in reducing the differences in cognitive and immune outcomes between breast-and formula-fed infants.
Future Directions
HM or formula provides the sole source nutrition of the first 6 months of life, which is a critical period of infant growth and development [1, 8] . Recent RCTs have shown that the bioactive proteins, LF, OPN, and MFGM, isolated from bovine milk, have beneficial effects on immune and cognitive outcomes in healthy term infants in the short term [31] . Future studies should investigate combinations of bioactive components (these HM proteins and other components, such as HM oligosaccharides or lipids). In addition, potential effects on longer-term programming of the immune system and cognitive functions and health outcomes must be investigated by following these infants in these study cohorts into later childhood.
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